Purpose To compare the short-and long-term outcomes after surgical treatment of tethered cord syndrome with and without electrophysiological monitoring. Method We collected the preoperative data of 102 tethered cord surgeries of 91 patients. We compared the outcomes regarding the presence of intraoperative electrophysiology, the types of surgeries and the preoperative neurological condition. We also analysed the long-term outcomes in the cases of 69 patients. Results We found that intraoperative electrophysiology can reduce the perioperative surgical risk significantly (from 9.4 to 2.9%, p < 0.001), and electrophysiology is also beneficial in avoiding long-term progression in 88.7% (p = 0.03341). Conclusion Tethered cord surgeries are safe and effective. With the use of intraoperative electrophysiology, the risk of postoperative worsening is as low as 2.9%, and long-term progression can be avoided in the majority of the patients.
Introduction
Tethered cord syndrome is a progressive anomaly resulting in neurological, orthopaedic and urological dysfunction caused by the anchoring of the spinal cord by different pathologies [2] . Though the syndrome is diagnosed mainly in childhood, milder cases might be revealed in adulthood. The incidence of spinal dysraphism resulting in spinal cord tethering is one per 4000 births, and slight female dominance is present [13] . Formerly, the diagnostic criteria were a conus position below L.I-II level with or without thickened film terminale; currently, any fixation of the spinal cord in the spinal canal due to primary or secondary cause can be defined as tethered cord [18] . The underlying pathophysiological processes include decreased blood flow, impaired oxidative metabolism and abnormal glucose metabolism [6, 21, 23] .
There is a slight difference between the leading symptoms between children and adults. Among children, the most frequent symptoms are sensory and motor deficit, vegetative impairment (bladder and/or bowel voiding dysfunction) orthopaedic deformities, often combined with skin alterations. The coexistence of skin anomalies and dysraphisms can be explained by the common embryologic origin of the skin and the nervous system [4] . In adulthood, pain is more common, and they can experience motor deficit quite often. However, all the symptoms can occur in both age groups. The symptoms are usually progressive. In childhood, symptoms are often worsening during growth spurts; while among adults, stretching or trauma can elicit the complaints. Considering the progressive nature of the syndrome, surgical treatment can rarely be avoided. The results of the studies of Bui et al. recommend that in childhood, the diagnosis of spinal cord tethering alone should be an indication for surgery to avoid neurological deficits [2] . The aim of the operation is the detethering of the spinal cord and abolish the tension of the myelon. This may result in the reversion of the hypoxia and metabolic changes and in the recovery of neurological functions [18] . The expectable improvement depends on the degree of preoperative neurological deficit and the duration of the symptoms. Long-term severe deficits recover rarely, while shortterm mild deficits can completely disappear [23] .
The surgical solution can be the transection of a certain bundle, most commonly a thickened film terminale, but there are also cases where complicated pathology causes the tethering. It can involve different degrees of neural tube defects (meningocele, meningomyelocele, lipomyelocele, etc.), intraspinal lipomas. We also have to pay attention to the relatively high rate of reoperations, where primary surgical treatment aimed the closure of the dysraphism. In the latter cases, significant scar tissue formation can lead to complicated surgeries. The risk of postoperative deterioration may be lower using intraoperative electrophysiological monitoring. In this paper, we compare the short-and long-term outcomes of tethered cord surgeries performed in two different eras, i.e. without and with electrophysiological monitoring by the same senior surgeon (László Bognár).
Materials and methods

Patient data
We analysed the outcomes of 102 surgeries of 91 patients. The average age at the time of the surgeries was 8.44 years (0-59.43 years); 89 operations were performed in childhood, 13 on adults. The male/female ratio was 46/45. Thirty-two surgeries were done without electrophysiological monitoring, 70 with electrophysiological control. The operations were done by the same surgeon, having sufficient surgical experience from before the analysed time frame (leading Hungarian paediatric neurosurgeon, more than 10 years of experience in detethering surgeries prior to the examined period); thus, the effect of a learning curve on the outcomes could be excluded. The operated pathologies are summarised in Table 1 .
We analysed the early postoperative outcomes, especially regarding the neurological symptoms. The longterm results were collected in 69 patients. We examined the rate of reoperations. We also compared our results of neurologically intact patients with patients with neurological deficit. We analysed the differences of outcomes in the cases where during surgery only one specific bundle (thickened filum terminale or dermal sinus) could have been identified as the cause of tethering with the surgeries where complicated pathologies had to be solved. The results of these groups regarding the presence of electrophysiological control were also matched.
Electrophysiological monitoring
During the surgeries, we used Inomed ISIS Portable intraoperative electrophysiological device (Inomed, Germany). We applied direct electrical stimuli on the bundles to be transected and detected the responses with needle electrodes in the muscle groups of both lower extremities. Responses were also detected at the anal sphincter. We routinely used 14 channels (m. gluteus magnus, m. quadriceps femoris, m. semitendinosus, m. tibialis anterior, m. triceps surae, m. abductor hallucis and the anal sphincter on both sides) [5] . We applied 200 us pulse width stimuli up to 2.9 mA, and we repeated the stimulation at 3-Hz frequency. We also used free run EMG to detect the possible traction during the surgical manipulation. In eight cases, we also examined the bulbocavernosus reflex for monitoring the integrity of S.2.-S. 4 . fibres. However, as this modality has no mapping value, which means that the changes in the responses occur only after the transection, it did not help to decide which bundles are safe to be cut. In addition, we can elicit the same reflex by stimulating the sensory afferents of the reflex arch [3] , which has mapping value (potential impairment can be predicted before the transection). Thus, taking into consideration the value and the difficulties of pudendal nerve stimulation especially in very young female patients, we did not continue to use this modality routinely.
Statistics
We created two groups based on whether the surgery was done with intraoperative electrophysiological monitoring (IOM) or not (no IOM). We applied Pearson's chi square test with Yates' continuity correction where it was necessary to compare the results of the different groups. Difference was considered significant when p value was below 0.05. 
Results
All of the patients were operated on due to tethered cord syndrome. The underlying pathology is summarised in Table 1 . The preoperative neurological symptoms are shown in Table 2 . The number of the reoperations due to symptomatic retethering was 16 out of 102. In four cases, the primary operation was done in another institute; 12 of them developed recurrent symptoms in the specified follow-up period. With the correction of this factor, the rate of reoperation was 19.6%. In the electrophysiological group, we found significantly lower rate of reoperation (8.6% versus 23.8%, p = 0.02567).
Our overall risk for early neurological deterioration was 7.8%. With electrophysiological monitoring, we could lower the risk from 12.5 to 5.7%, though the difference was statistically not significant (p = 0.2369). The postoperative deficit affected the vegetative functions in seven cases, and gait functions in one case. In three cases, the postoperative worsening recovered completely; thus, the overall permanent surgeryrelated complication rate was 4.9%, 2.9% in the IOM group and 9.4% in the not monitored group (p < 0.001). We also experienced improvement in 13 cases, all of them in the electrophysiologically controlled group (p = 0.02203).
We collected the long-term outcomes in the cases of 69 patients involving 79 surgeries. The average follow-up period was 45.72 months (1.5-150 months). We experienced neurological progression in 17.7% of the cases. In the IOM group, it was significantly lower (11.3% versus 30.8%, p = 0.03341). Improvement was present in 13.9%: in the IOM group, 18.9% and in the no IOM group, 3.8%; however, this difference is not significant (p = 0.06995). In terms of no progression, our overall ratio for progression-free follow-up was 82.3%, significantly better with electrophysiology (88.7% versus 69.2% p = 0.03341). Our overall results are summarised in Fig. 1 .
We operated on 44 patients (43%) with preventive aim. These paediatric patients were asymptomatic, and spinal cord tethering was either accidental finding, or revealed by screening based on minor signs, like skin alterations at the lumbar region. In the early postoperative time, 4.5% of them developed neurological deficit (IOM group 0%, no IOM group 8.7%, p = 0.5101). Long-term follow-up was available in 86.4% of these patients. We detected progression in 23.7% (IOM group 10%, no IOM 38.9%, p = 0.03649). In this group, the progression-free ratio of the patients was 76.3% (IOM group 90%, no IOM group 61.1%, p = 0.03649).
In 58 cases (57%), the patients had neurological deficit prior to surgery. After the operation, 5.2% of them had worsening (IOM group 4.1%, no IOM group 11.1%, p = 0.955). Improvement was detected in 19%, all of them in the IOM group (22.4% of these patients, p = 0.2642). Long-term follow-up data were available in 70.7%. Progression was present in 14.6% (IOM group 12.1%, no IOM group 25%, p = 0.7135). Improvement occurred in 22% without significant difference between the two groups (IOM group 24.2%, no IOM group 12.5%, p = 0.8074). The rate of progression-free patients was 85.4% (IOM group 87.9%, no IOM group 75%, p = 0.7135). The long-term progression ratio between the symptomatic and asymptomatic patients was statistically not significant (p = 0.4607).
In 30.4% of our patients during the surgery, a definitive bundle could be identified as the cause of spinal cord tethering. Among these patients, we detected deterioration in 9.7% of the patients (IOM group 6.3%, no IOM group 13.3%, p = 0.9738). Improvement was detected in 16.1%, all of them in the IOM group (31.3% of these patients, p = 0.01807). Longterm follow-up is available in 77.4%. Progression occurred in 12.5% (all in the no IOM group, 25% of these patients, p = 0.06408). Long-term improvement was present in 8.3%, all in the IOM group (16.7% of these patients, however the difference is statistically not significant, p = 0.1396). The progression-free ratio was 87.5% (IOM 100%, no IOM 75%, p = 0.06408).
Patients with complex pathologies (69.6% of the cases) showed early postoperative deterioration in 5.6% (IOM group 3.7%, no IOM group 11.8% p = 0.2087). Improvement was detected in 11.3%, all in the IOM group (14.8% of these patients, p = 0.2131). Long-term follow-up is available in 77.5%. Progression occurred in 20% (IOM group 14.3%, no IOM group 38.5% p = 0.05687). Long-term amelioration was present in 16.4% (IOM group 19%, no IOM group 7.7%, p = 0.3335). The ratio of patients free of progression was 80% (IOM group 85.7%, no IOM 61.5%, p = 0.05687). In children, symptoms may worsen at the times of growth spurts; while among adults, certain circumstances can precipitate the complaints [15] , like stretching positions or spine trauma. The cause of late diagnosis of tethered cord syndrome might be that the threshold of stretching is not reached until certain events. Trauma may precipitate symptoms, while mild, transient tension needs time to reach a cumulative impairment in blood flow [21, 23] . Surgery can conserve the baseline neurological status in most of the cases. Voiding functions may improve among children especially under 1 year of age [9] , while pain and sensory deficits respond well to detethering in adulthood [12, 15] . Timing of surgery among adults is controversial [7] ; however, symptomatic cases may need intervention in any age [22] . Though recent papers publish good results with spinal shortening procedures among adult patients [8, 16, 20] , we believe that the aim of the operation should be always the detethering of the spinal cord. The effect of the intervention is usually satisfying, but the extent of possible improvement depends on the severity of preoperative deficits [2] . Secondary operations have higher risk for neurological deterioration, and long-term benefits are also less favourable [10, 11] . Operation can be in certain cases only the transection of a bundle, but in many cases, the pathology is surgically more complex, involving intraspinal lipoma, neural tube defects or scar tissue formation from earlier surgeries. Latter cases are more challenging and have higher risk for retethering [11, 17] .
In our study, we compared the short-and long-term results in the cases of surgeries with and without electrophysiological monitoring. Though earlier certain authors stated that intraoperative monitoring during the surgical release of tethered cord has no significant benefit [14] , our data shows that electrophysiology could reduce significantly the risk postoperative neurological deficit from 9.4 to 2.9%. We also analysed the results in long-term follow-up. We found that the surgery could avoid progression in 82.3% of patients. Electrophysiology could significantly improve the results in this aspect, as well. Applying this examination, the progression-free ratio of the patients rose significantly from 69.2 to 88.7%.
The long-term improvement was based on the neurological examination on the follow-up visits. We suppose that in the early postoperative neurological conditions are biased by pain, the presence of catheter, restricted mobility, etc. On the follow-up visits, these factors are not present, which may cause the patient to feel better; and neurological examination can also confirm better functions, but on the other hand, recovery of the spinal cord functions may also have its role. The short-term outcomes of tethered cord surgeries are usually not consistently documented. Early postoperative deficits have good chance to recover. Lee et al. mention 6.8% of early neurological worsening 3.4% recovering by the time of discharge [12] . Besides the neurological deterioration, they report 15.2% risk of cerebrospinal fluid leakage and an infection rate of 8.4% based on 59 surgeries. Hsieh et al. found one transient urological dysfunction out of seven operations (14%) that recovered in 4 months [9] , while Pang et al. reported a rate of 4.76% of postoperative urological dysfunction [15] . Analysing the outcomes of 326 paediatric cases, Shang et al. found postoperative urinary retention in six cases (1.8%), lower extremity numbness in nine cases (2.8%) and lower extremity weakness in three cases (1%) [19] .
In the cases of neurologically intact patients, the early deterioration ratio was 11.4%, slightly better results with intaoperative monitoring, but the difference was statistically not significant. However, we have to mention that in long term, all of the monitored patients recovered and reached the preoperative neurological condition; while among those patients, who were not monitored, one out of the three recovered. Long-term progression was present in 23.7%, which is higher than the average. This is probably because of the no deficit baseline condition; thus, any new symptom means progression. In this group, the benefits of IOM could be proved, as the progression ratio could be reduced significantly from 38.9 to 10%, which means that complete untethering was feasible in more cases, at the same time with reducing the risk of postoperative worsening.
Patients with preoperative deficit worsened only in 5.2%. IOM also showed benefits in this group, as adverse events reduced from 11.1 to 4.1%, and the presence of long-term progression occurred in 14.6%, IOM reducing the ratio from 24.2 to 12.5%. However, these differences were not proved significant by statistical analysis.
It has to be noted, that though the difference in long-term progression ratio between the symptomatic and asymptomatic patients is statistically not significant, we believe that this is an unexpected finding and needs further investigation. Surprisingly, we detected higher postoperative deterioration in the cases where a certain bundle was cut, compared to the operation of complex pathologies (12.9% vs. 5.6%). This is also an unexpected finding and warrants further analysis. In both groups, IOM improved the outcomes, however, not significantly. Longterm results showed that progression was present in 12.5%, but all of them occurred in the no IOM group, while none of the monitored patients worsened in long-term. In the cases of complex pathologies, the long-term results showed a progression risk of 20%, IOM reducing the ratio from 38.5 to 14.3%.
We also have to mention that improvement was also detected in certain cases. Early improvement was present in 13 cases (12.7%), all of them among monitored patients. In longterm aspects, amelioration was present in 13.9%, mostly among monitored patients. The chance for improvement was more or less the same among patients with bundle transection and with complex pathology. The role of IOM was more stressed among patients with bundle transection, as in this group improvement occurred only among monitored patients.
Though the rate of reoperation was also significantly lower in the IOM group, we have to note that the surgeries without electrophysiology were done between 2005 and 2011, while the monitored surgeries were routinely performed after 2011; thus, the longer follow-up time could influence the reoperation rate.
Conclusion
Tethered cord syndrome is treated by surgical intervention in the majority of cases. Considering the natural history of this syndrome in childhood, preventive surgery is recommended. Based on our data, the risk of the operation could be reduced by intraoperative electrophysiological examinations. Monitoring is also beneficial in terms of avoiding long-term progression and in reducing the number of reoperations. Our results could be slightly biased by the fact that the not monitored surgeries happened in an earlier period, which leads to longer follow-up period, and more chance to develop negative results concerning reoperation rate and long-term deterioration. On the other hand, the positive results could be reduced by the fact that patients with no progression tend to skip follow-up visits. Taking these details into consideration, our results show that electrophysiology can reduce the surgical risk and the rate of reoperations significantly, and has also major benefit in the aspect of long-term progression. Our data show that surgery with monitoring has 2.9% risk of deterioration, and progression can be avoided in 88.7% of the patients.
